Malignant gliomas are associated with high morbidity and mortality because they are highly invasive into surrounding brain tissue, making complete surgical resection impossible. Osteopontin is abundantly expressed in the brain and is involved in cell adhesion, migration, and invasion. The aim of the present study was to investigate the mechanisms of glioma cell migration. Migration and invasion activity were determined by transwell and wound-healing assays. Gene and protein expressions were analyzed by reverse transcription -PCR, real time-PCR, and Western blotting. Nrf2-DNA binding activity was determined by electrophoretic mobility shift assay. Establishment of migration-prone sublines were performed to select highly migratory glioma. An intracranial xenograft mouse model was used for the in vivo study. Application of recombinant human osteopontin enhanced the migration of glioma cells. Expression of heme oxygenase (HO) -1 mRNA and protein also increased in response to osteopontin stimulation. Osteopontin-induced increase in cell migration was antagonized by HO-1 inhibitor or HO-1 small interfering (si)RNA. Osteopontin-mediated HO-1 expression was reduced by treatment with MEK/ERK and phosphatidylinositol 3-kinase/Akt inhibitors, as well as siRNA against Nrf2. Furthermore, osteopontin stimulated Nrf2 accumulation in the nucleus and increased Nrf2-DNA binding activity. In migration-prone sublines, cells with greater migration ability had higher osteopontin and HO-1 expression, and zinc protoporphyrin IX treatment could effectively reduce the enhanced migration ability. In an intracranial xenograft mouse model, transplantation of migration-prone subline cells exhibited higher cell migration than parental tumor cells. These results indicate that osteopontin activates Nrf2 signaling, resulting in enhanced HO-1 expression and cell migration in glioma cells.
Malignant gliomas are associated with high morbidity and mortality because they are highly invasive into surrounding brain tissue, making complete surgical resection impossible. Osteopontin is abundantly expressed in the brain and is involved in cell adhesion, migration, and invasion. The aim of the present study was to investigate the mechanisms of glioma cell migration. Migration and invasion activity were determined by transwell and wound-healing assays. Gene and protein expressions were analyzed by reverse transcription -PCR, real time-PCR, and Western blotting. Nrf2-DNA binding activity was determined by electrophoretic mobility shift assay. Establishment of migration-prone sublines were performed to select highly migratory glioma. An intracranial xenograft mouse model was used for the in vivo study. Application of recombinant human osteopontin enhanced the migration of glioma cells. Expression of heme oxygenase (HO) -1 mRNA and protein also increased in response to osteopontin stimulation. Osteopontin-induced increase in cell migration was antagonized by HO-1 inhibitor or HO-1 small interfering (si)RNA. Osteopontin-mediated HO-1 expression was reduced by treatment with MEK/ERK and phosphatidylinositol 3-kinase/Akt inhibitors, as well as siRNA against Nrf2. Furthermore, osteopontin stimulated Nrf2 accumulation in the nucleus and increased Nrf2-DNA binding activity. In migration-prone sublines, cells with greater migration ability had higher osteopontin and HO-1 expression, and zinc protoporphyrin IX treatment could effectively reduce the enhanced migration ability. In an intracranial xenograft mouse model, transplantation of migration-prone subline cells exhibited higher cell migration than parental tumor cells. These results indicate that osteopontin activates Nrf2 signaling, resulting in enhanced HO-1 expression and cell migration in glioma cells.
Keywords: glioma, HO-1, migration, Nrf2, osteopontin. M ost primary brain tumors are derived from glial cells and are collectively referred to as gliomas. 1 Malignant gliomas, the most common malignant tumor of the brain in adults, are particularly invasive into surrounding brain tissue. 2, 3 Migration capacity is an essential prerequisite for invasion and precedes malignant tumor formation. 4 This pathologic characteristic of metastasis or invasion into the surrounding brain tissue renders complete surgical resection impossible and induces resistance to conventional radiotherapy and chemotherapy, 5, 6 which makes successful treatment very difficult. The better strategies of treatment will ultimately require understanding of the molecular mechanisms of malignant progression of human glioma as well as identifying and specifically targeting the critical signaling effectors. 7, 8 Osteopontin, an adhesive glycoprotein containing the arginyl -glycyl -aspartic acid (RGD) motif, acts as a multifunctional cytokine that has been linked to a variety of pathophysiologic cell functions. 9 -11 Osteopontin has been implicated in cell adhesion and migration functions and is one of the extracellular matrix molecules present in bone, brain, kidney, and placenta. 9, 12 In the CNS, focal ischemic injury induces osteopontin expression, which acts as a chemoattractant that recruits glial cells to assist the glial scar formation following ischemic injury. 10, 13 Importantly, osteopontin also expresses in human glioma and is correlated with malignancy. 14 -16 Moreover, previous reports have shown that hypoxia, 17 12-O-tetradecanoylphorbol-13-acetate, 18 and hyaluronic acid 19 stimulate osteopontin expression and induce cell migration in glioma cells.
Heme oxygenase (HO; also referred to as heat shock protein [HSP]32) is a rate-limiting enzyme that catalyzes the conversion of heme to carbon monoxide, biliverdin, and ferrous iron. HO-1 is induced by various stressrelated cellular stimuli, such as oxidative stress and hypoxia-ischemia. 20 HO-1 and its products in the brain are important for maintaining cellular homeostasis and have antioxidant, anti-inflammatory, and antiapoptotic effects. 21, 22 However, whether HO-1 expression in tumor cells regulates cell migration and metastasis is still controversial. Studies have found that HO-1 inhibits breast cancer invasion via suppressing the expression of matrix metalloproteinase -9. 23, 24 However, a growing body of evidence indicates that HO-1 activation might play a role in carcinogenesis and could potentially influence tumor growth and metastasis. 25 Several studies have demonstrated that HO-1 overexpression is implicated in tumorigenesis, growth, and resistance to chemo-and radiotherapy in several types of malignancies. 25 -28 Recent reports have shown that HO-1 plays a complex role in the stimulation of angiogenesis 29 and metastasis. 30 Importantly, it has also been reported that HO-1 expression is correlated with macrophage infiltration 31 and neurogenic factor expression 32 in glioma cells. Osteopontin plays an important role in tumor metastasis. However, little information is available on osteopontin's effect on the regulation of HO-1 expression and related molecular mechanisms. The present study shows that osteopontin might be capable of increasing HO-1 expression and subsequently regulating glioma cell migration. Moreover, signaling pathways of extracellular-signal-regulated kinase (ERK), Akt, and Nrf-2 may be involved in the increase of HO-1 expression and cell migration by osteopontin.
Materials and Methods

Materials
Osteopontin, LY294002, and wortmannin were obtained from Sigma-Aldrich. Primary antibodies against phosphatidylinositol 3-kinase (PI3K) (p85), b-actin, Akt, and phospho-Akt (Ser 473 ) were purchased from Santa Cruz Biotechnology. On-Target smart pool Nrf2 small interfering (si)RNA and control nontargeting pool siRNA were purchased from Dharmacon. Akt kinase and ERK activity assay kits were purchased from Cell Signaling and Neuroscience. Akt inhibitor (1L-6-hydroxymethyl-chiro-inositol 2(R)-2-O-methyl-3-O-octadecylcarbonate) was purchased from Chemicon. Antibody specific for osteopontin was purchased from R&D Systems.
Cell Cultures
C6 and U251 cells were purchased from the American Type Culture Collection. C6 cells were maintained with F12 medium (Invitrogen), while U251 cells were maintained in 75-cm 2 flasks with Dulbecco's modified Eagle's medium (DMEM; Gibco BRL/ Invitrogen). All cells were cultured in medium supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco BRL/ Invitrogen), 100 U/mL penicillin, and 100 mg/mL streptomycin at 378C and incubated in a humidified atmosphere consisting of 5% CO 2 and 95% air. Reverse Transcription-PCR and Quantitative Real Time -PCR Total RNA was extracted from cells using a Trizol reagent (Invitrogen), and the reverse transcription (RT) reaction was performed using 1 mg of total RNA converted into cDNA using the Promega RT kit and amplified using the following oligonucleotide primers:
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH):
Each PCR cycle was carried out for 30 s at 958C, for 30 s at 558C, and for 1 min at 688C. PCR products were then separated electrophoretically in a 2% agarose gel and stained with ethidium bromide. The band intensity was quantified with a densitometric scanner and presented as the relative level of GAPDH. Quantitative real-time PCR using Sybr Green I Master Mix was performed with a model 7900 Sequence Detector (Applied Biosystems). After pre-incubation at 958C for 10 min, PCR was performed for 40 cycles of 958C for 10 s and 608C for 1 min. The threshold was set above the nontemplate control background and within the linear phase of target gene amplification for calculating the cycle number at which the transcript was detected (denoted as C T ).
Western Blot Analysis
Whole-cell lysis extracts were prepared as per our previous report. 33 In brief, cells were lysed with radioimmunoprecipitation assay buffer for 30 min on ice. The supernatants were collected by centrifugation at 13 000 g for 30 min and stored at -208C.
Nuclear extracts were prepared as described previously. 34 Cells were suspended in buffer A for 10 min on ice. The lysates were separated into cytosolic and nuclear fractions by centrifugation at 12 000 g for 10 min. The supernatants containing cytosolic proteins were collected. A pellet containing nuclear fraction was resuspended in buffer C for 30 min on ice. The supernatants containing nuclear proteins were collected by centrifugation at 13 000 g for 20 min and stored at -808C.
Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes (Millipore) blocked with 5% nonfat milk in phosphate buffered saline (PBS) and probed overnight with primary antibody at 48C. After undergoing PBS washes, the membranes were incubated with secondary antibody. Blots were visualized by enhanced chemiluminescence using Kodak X-Omat LS film. The blots were subsequently stripped by incubation in stripping buffer and reprobed a loading control antibody.
Protein Kinase Assays
ERK and Akt protein kinase assays were performed according to the manufacturer's protocols. Equal amounts of protein were incubated with recombinant Elk and GSK3b fusion protein-agarose for 16 -18 h at 48C with gentle rotation, respectively. The beads were washed 3 times with wash buffer and kept on ice. The kinase reactions were performed by incubating immunoprecipitated beads with 50 mL of kinase buffer contained within 200 mM adenosine triphosphate at 308C for 30 min. To assess ERK or Akt activities, the reaction mixtures were analyzed by SDS-PAGE using specific antibody against Elk or GSK3a/b phosphorylation, respectively.
Migration Assay and Invasion Assay
In vitro migration and invasion assays were performed using Costar transwell inserts (pore size, 8 mm) in 24-well plates as described previously. 33, 34 For invasion assay, filters were precoated with 25 mL matrigel basement membrane matrix (BD Biosciences). Before performing the migration assay, cells were pretreated for 30 min with different concentrations of inhibitors or transfected with various dominant-negative (DN) mutants for 24 h. Approximately 1 × 10 4 cells in 200 mL of serum-free medium were placed in the upper chamber, and 500 mL of the same medium containing osteopontin was placed in the lower chamber. The plates were incubated for 24 h at 378C in 5% CO 2 , then the cells were stained with 0.05% crystal violet and 2% methanol in PBS for 15 min. Nonmigratory cells on the upper surface of the filters were removed by wiping with a cotton swab and were washed with PBS. The cell number of 3 fields per well was counted under a microscope at 100× magnification and expressed as the "fold of control." Images of migratory cells were observed and acquired at 24 h with a digital camera and light microscope.
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay (EMSA) was performed using the Panomics gel shift kit according to the manufacturer's protocol. Nuclear extract (2 mg) from U251 glioma cells was incubated with poly d(I-C) at room temperature for 5 min and then incubated with biotin-labeled probes, followed by incubation at room temperature for 30 min. After electrophoresis on an 8% polyacrylamide gel, the samples on the gel were transferred onto a presoaked Immobilon-Nyt membrane (Millipore). The membrane was cross-linked in an oven for 3 min, developed by adding the blocking buffer and streptavidin -horseradish peroxidase conjugate, and then subjected to Western blot analysis.
Wound-Healing Assay
Cancer cells were treated with osteopontin or vehicle for 24 h. A cell-free gap of 500 mm was created after removing the Ibidi Culture-Insert. The cells that migrated into the wound area were observed and acquired at 0 and 24 h with a digital camera and light microscope.
Establishment of Migration-prone Sublines
Subpopulations from glioma cells were selected according to their differential migration ability 34 ; the cell culture insert system was used as described earlier.
After 24 h of migration, cells that penetrated through pores and migrated to the underside of the filters were trypsinized and harvested for a second-round selection. The original cells that did not pass through membrane pores were designated as P0. After 10 rounds of selection, the migration-prone subline was designated as P10.
In Vivo Intracranial Xenograft Studies
Cells were freshly prepared and adjusted to 1 × 10 8 cells/mL before implantation. An intracranial xenograft was performed according to protocols approved by the China Medical University Animal Care and Use Committee. Briefly, nude mice were anesthetized and placed in a stereotactic frame, and the skulls were exposed by incision. In each skull, a hole was made 0.6 mm anterior, 1.8 mm to the right of the bregma, and cells (5 mL) were injected using a 10-mL Hamilton syringe with a 26S-gage needle mounted in a stereotactic holder. The syringe was lowered to a depth of 3 mm, and the cells were injected at a rate of 10 mL/min. After intracranial implantation, a 5-min waiting period was observed before slowly withdrawing the syringe to prevent any reflux. The skull was then cleaned and the incision was sutured. Tumors were allowed to grow, and animals were sacrificed on day 28.
Under deep anesthesia with trichloroacetaldehyde, each mouse was transcardially perfused with a saline solution (0.9% NaCl) and then fixed with 4% paraformaldehyde dissolved in 0.1 M PBS. The brains were removed from the skulls, postfixed overnight in buffered 4% paraformaldehyde at 48C, stored in a 30% sucrose solution at 48C until they sank, and were frozen sectioned on a sliding microtome in 10-mm-thick coronal sections. To determine the brain volume, brain sections were stained with hematoxylin.
Statistical Analysis
Statistical analysis was performed using Graphpad Prism 4.01 software. Values are means + SEM. Statistical analysis of the difference between 2 samples was performed using Student's t test.
Results
Osteopontin Increases Cell Migration and Invasion in Glioma Cells
It has been shown that osteopontin plays an important role in glioblastoma motility. 16 Osteopontin-regulated glioma cell migration was examined using the transwell assay with correction of proliferation effects. 33, 35 As shown in Fig. 1A , osteopontin enhanced migration of both mouse and human malignant glioma cells (C6 and U251 cells, respectively) in a concentration-dependent manner. Pictures of migrating cells are shown in Fig. 1B . To confirm that osteopontin is indeed responsible for cell migration in human glioma cells, the specific osteopontin antibody was used. On the other hand, osteopontin also increased wound-healing activity in human U251 glioma cells (Fig. 1C) . Furthermore, osteopontin increased the chemoinvasive ability of U251 cells through matrigel basement membrane matrix (Fig. 1D) .
Osteopontin-Directed Glioma Cell Migration Involves HO-1 Expression
Several studies have demonstrated that HO-1 overexpression is implicated in tumorigenesis, growth, and resistance to chemo-and radiotherapy in several types of malignancies. 25 -28 However, whether HO-1 affects tumor cell migration and metastasis in glioma cells is still controversial. We hypothesized that HO-1 may be involved in osteopontin-directed migration of glioma cells. Following osteopontin stimulation, HO-1 protein and mRNA expression were assessed by Western blot, RT-PCR, and real time -PCR analysis. As shown in Fig. 2A and B, osteopontin increased HO-1 protein expression in concentration-and time-dependent manners. Treatment of osteopontin also increased HO-1 mRNA expression, which was determined by RT-PCR (Fig. 2C) , and quantification, determined by real time -PCR (Fig. 2D) . Pretreatment of cells with ZnPPIX, a pharmacologic inhibitor of HO-1, markedly inhibited osteopontin-induced cell migration in U251 and C6 cells (Fig. 3A and B) . Moreover, treatment with CoPPIX, an activator of HO-1, also mildly increased glioma cell migration (Fig. 3C) . Furthermore, transfection of cells with HO-1 siRNA for 24 h inhibited HO-1 protein expression (upper panel, Fig. 3D ) and reduced osteopontin-induced glioma cell migration (lower panel, Fig. 3D ). These results suggest that osteopontin-induced glioma cell migration may occur via HO-1 upregulation.
Akt and ERK Signaling Pathways Are Involved in Osteopontin-Mediated HO-1 Upregulation and Glioma Cell Migration
It has been reported that osteopontin increases the phosphorylation of Akt and ERK. 36 -38 Recently, we also showed that HO-1 expression increased through activation of Akt and ERK. 39 Therefore, we examined the role of Akt and ERK in HO-1 upregulation. Stimulation of osteopontin increased Akt (Fig. 4A) and ERK (Fig. 4B ) phosphorylation in a time-dependent manner. Moreover, cells were pretreated with PI3K inhibitors and Akt inhibitor or MEK and ERK inhibitors for 30 min, followed by incubation with osteopontin. As shown in Fig. 4C and D, osteopontin-induced HO-1 expression was inhibited by treatment with the specific PI3K/Akt or MEK/ERK inhibitors. Furthermore, using GSK3a/b-agarose fusion protein as the Akt substrate, an increase in Akt activity at 30 -60 min was observed in osteopontin-treated glioma cells (Fig. 4E) . Using Elk-1 -agarose fusion protein as the ERK substrate, an increase in ERK activity at 30 -120 min was observed in osteopontin-treated glioma cells (Fig. 4F) . These results indicate that the Akt and ERK pathways are involved in osteopontin-induced HO-1 upregulation in glioma cells.
Involvement of Nrf2 in Osteopontin-Induced Cell Migration in Human Glioma Cells
It has been reported that the stress-response element/ Nrf2 transcription factor pathway is important for HO-1 expression. 40 -42 We therefore examined whether Nrf2 signaling is involved in osteopontin-induced HO-1 expression. First, Nrf2 activation was assessed with the accumulation of Nrf2 in nucleus. Treatment of osteopontin resulted in an accumulation of Nrf2 in a time-dependent manner in the nuclei of U251 cells (Fig. 5A ). In addition, treatment with ERK and Akt inhibitors reduced osteopontin-induced accumulation of Nrf2 in the nuclei for 4 h (Fig. 5B and Supplementary  Fig. S1A ). To investigate whether osteopontin-induced HO-1 expression was mediated through Nrf2 activation, siRNA against Nrf2 was used. As shown in Fig. 5C , transfection with Nrf2 siRNA for 24 h reduced Nrf2 expression in U251 glioma cells. Moreover, transfection with Nrf2 siRNA effectively reduced osteopontininduced HO-1 expression (Fig. 5D ) and reduced osteopontin-enhanced glioma cell migration in a dosedependent manner (Fig. 5E) . Furthermore, stimulation of cells with osteopontin for 2 h or 4 h increased the DNA binding activity of Nrf2 in nuclear extracts (Fig. 5F ). In addition, there was no detectable DNA binding complex without loading nuclear protein. Treatment with an ERK or Akt inhibitor significantly reduced osteopontin-increased DNA binding activity of Nrf2 (Fig. 5F and Supplementary Fig. S1B ). These results suggest that the stimulatory effect of osteopontin is mediated through Nrf2 activation and increases HO-1 expression and then glioma cell migration.
Increased Osteopontin Expression in Migration-prone Cells
We selected U251 sublines with higher cell mobility, as described in the Materials and Methods. The migrationprone subline P10 had higher cell mobility and migrated more easily through the cell culture insert basement membrane matrix than did the original U251 cells designated as P0 (the difference was approximately 2.4-fold; Fig. 6A ). Wound-healing activity was also increased in the migration-prone subline P10 (Fig. 6B) . Furthermore, the chemoinvasive ability of P10 U251 cells through Matrigel basement membrane matrix was enhanced (Fig. 6C) . Pretreatment of ZnPPIX for 24 h also effectively reduced the enhancement of cell migration (Fig. 6D) . Surprisingly, we found that P10 had markedly increased expression of HO-1 and osteopontin protein levels (Fig. 6E) . Transfection with ERK-DN, Akt-DN, or Nrf-2 siRNA reduced osteopontin-enhanced cell migration (Fig. 6F) and HO-1 expression (Fig. 6G) . These results suggest that ERK, Akt, Nrf-2 activation, and HO-1 upregulation are involved in glioma cell migration.
Higher Osteopontin and HO-1 Expression of Human Glioma Cells Correlated with Cell Invasiveness In Vivo
To more adequately evaluate the migratory activity of the higher expression of osteopontin and HO-1 in P10 cells in mouse brain tissue, we performed an intracranial glioma xenograft experiment. Normally, P0 cells inoculated in the brains of nude mice grow as a noninvasive solid tumor mass (ball-like), 43, 44 form a sharper cranial margin, and are less invasive (Fig. 7A, b) . We implanted the migration-prone subline P10 into the brains of nude mice and followed the mice over time. After about 4 weeks, the mice were euthanized and the brains removed for evaluation. Brain striatally injected normal U251 cells P0 (Fig. 7A ) and the migration-prone subline P10 (Fig. 7B) were shown, demonstrating dissemination of migration-prone subline P10 glioma into the normal brain. Metastatic P10 U251 cells grew orthotopically in mouse brain tissue with a diffuse tumor boundary (Fig. 7B, c -f ) and fingerlike protrusions (Fig. 7B, d ), indicating infiltrative growth and tumor spread. In contrast to P10 tumors, P0 U251 tumors maintained a distinct border with the brain parenchyma, with little localized invasion and a smaller tumor size (Fig. 7A, b) . These results confirmed the in vitro experiments suggesting that migration-prone subline P10 glioma cells had more enhanced migratory activity than did normal U251 P0 cells.
Discussion
Glioblastoma is the most common primary brain tumor in adults and the second most common tumor in children. Glioblastoma is associated with high morbidity and mortality because its pathologic characteristic is highly invasive into surrounding brain tissue, making complete surgical resection impossible. Current therapies fail to prevent glioma invasion into normal contiguous brain tissue, leading to poor prognosis after surgery and/or radiation therapy. The elucidation of the molecular biology of cancer cells in the past decade has identified alterations in various signaling pathways in glioblastoma. Currently, this information is being exploited to develop potential therapeutic targets. Osteopontin is an adhesive glycoprotein implicated in cell adhesion and migration functions 45, 46 and may play a role in controlling the inflammation associated with neuronal damage and cell death. 10, 13, 47 It has been reported that osteopontin, the cell attachment protein, is expressed in normal adult brain and has the potential to promote glioma cell invasion. 48 A recent report also showed that osteopontin in glioblastoma not only induces cancer cell migration but also is associated with infiltration of leucocytes. 49 Therefore, osteopontin could be a useful target in examining the molecular mechanism in glioblastoma.
HO-1 participates in maintaining cellular homeostasis and plays an important protective role by reducing oxidative injury, attenuating the inflammatory response, inhibiting cell apoptosis, and regulating cell proliferation. 50 -52 HO-1 has recently been reported as an important molecule in tumor angiogenesis and metastasis. However, the role of HO-1 in glioma cell migration is unclear. HO-1 can be induced in melanoma in response to anticancer drugs, augment tumor cell metastasis, and decrease survival of tumor-bearing mice. 53 Overexpression or activation of HO-1 potentiates angiogenesis and cell metastasis. On the other hand, inhibition of HO activity inhibits the occurrence of metastasis. 30, 54 Furthermore, pharmacologic inhibitors of HO-1 have anticarcinogenic effects in colon cancer and sarcoma. 55 However, mechanisms underlying modulation of HO-1 in glioma cell migration remain unknown. In the present study, we found that osteopontin significantly increased cell migration in human glioma cells. We further demonstrated that the enhancement effect of osteopontin may be attributed to its expression levels of HO-1. This premise is supported by results of inhibition or knockdown of HO-1 in glioma cells decreasing osteopontin-induced cell migration. In addition, using HO-1 activator mildly increased cell migration activity in glioma cells. Importantly, we selected sublines that showed higher migration ability. Our results suggest that migration-prone sublines expressing higher levels of osteopontin and HO-1 have higher migration activity. The more prominent expression of osteopontin in migration-prone cells further indicates that osteopontin may be involved in autocrine or paracrine functions that enhance migration and invasion. Our results also confirmed a previous report that the expression level of osteopontin in glioma cells parallels cell invasion ability. 16 Nrf2 is a major transcription factor that regulates expression of antioxidant defense genes through binding to antioxidant response elements in the promoter region of antioxidant genes, such as HO-1. 56 -59 Importantly, a recent report has shown high correlations between tumor metastasis and Nrf2/HO-1 expression in gallbladder cancer. 60 Our results showed that Nrf2 activation is essential for osteopontin-stimulated HO-1 expression, based on the fact that Nrf2 siRNA inhibits the enhancement of osteopontin-induced migration. Furthermore, osteopontin stimulated Nrf2 accumulation in nucleus and increased Nrf2-DNA binding activity. These results suggest that Nrf2 activation is required for The original U251 cells (P0) and the migration-prone subline (P10) were seeded for 24 h, and cell migration was determined by wound-healing assay and visualized by phase-contrast imaging. (C) The migration-prone subline (P10) exhibited higher invasion ability than the original U251 cells. Results are expressed as means + SEM of 3 independent experiments. *P , .05 compared with the control group. (D) Treatment with ZnPPIX (0.3 mM) for 24 h reduced the migration ability of the migration-prone subline (P10) compared with the vehicle treatment. Results are expressed as means + SEM of 3 independent experiments. *P , .05 compared with the control group (vehicle treatment). (E) The cell lysates of P10 and the original U251 glioma cells (P0) were collected after 24 h of culturing, and osteopontin and HO-1 protein levels were determined using Western blot analysis. Note that P10 expressed higher osteopontin and HO-1 protein levels. The quantitative results are shown in the right panel. Results are expressed as means + SEM of 3 independent experiments. *P , .05 compared with the P0 group. P10 cells were pretransfected with ERK-DN, Akt-DN, or Nrf-2 siRNA for 24 h, cell migration activity was determined by a cell culture insert system (F), and HO-1 expression was examined by Western blot (G).
osteopontin-induced HO-1 expression and cell migration in human glioma.
In conclusion, we present here a novel mechanism of osteopontin-directed migration and HO-1 upregulation in human glioma cells by activation of Akt, ERK, and Nrf2-dependent pathways (Fig. 8) . Our results also indicate that HO-1 can be a novel therapeutic target. 
